In this paper, the design and development of a double-sided air-cored tubular generator (DSTG) is presented. The characteristics of air-cored slot-less structures are investigated in terms of power density and efficiency. This is highly desirable for small-and medium-sized renewable energy conversion systems. In this paper, an analytical tool based on the magnetic vector potential method is built in order to achieve a fast but accurate method by which the machine is analyzed. The analytical model is validated by finite-element (FE) analysis. Further design improvements based on the analytical and FE models are then suggested in order to enhance the performance of the DSTG. The final design of the DSTG is validated by the test results from a developed prototype of the DSTG.
I. INTRODUCTION

I
T IS generally known that slotted tubular machines can achieve good electromagnetic performances [1] , [2] with extremely high torque and power density, with, however, mixed results in terms of cogging forces. Air-cored tubular generators can achieve excellent force ripple values and a lower moving mass, which effectively enhances the dynamic stability and the generated power quality. Air-cored tubular generators can be found in a number of applications, such as energy conversion systems of ambient vibrations, free-piston engines, and tidal wave energy conversion systems.
The relatively large equivalent air gap of slot-less configurations limits the generator's power density. In order to overcome this challenge, several methods have been proposed in the literature. In [3] , a moving-coil generator is proposed where an equivalent magnetic circuit model of the generator with one phase was established and the basic characteristics were analyzed. In [4] , a three-phase topology in motoring operation is proposed. The magnetic fields generated by the permanent magnets (PMs) and the armature are analyzed, and the variations of forces with the main dimensions were obtained.
In this paper, a multi-air-gap tubular generator with double PM arrays, as shown in Fig. 1(a) , is proposed. Analytical expressions of the flux density distributions are established using the magnetic vector potential method [5] , [6] . Calculation methods for the model parameters are also provided. The analytical model is used to accurately derive and represent the induced voltages, the generated force, and the overall efficiency, which are the main characteristics of the generator considered in this paper. The accuracy of the analytical results is verified by finite-element (FE) analysis and the experimental data resulting from the prototype testing. 
II. ANALYTICAL MODELING OF THE DSTG
A. Flux Density Distribution Due to PMs
Analytical expressions of the magnetic field distributions for a single-sided tubular machine with quasi-halbach PMs are introduced in [7] and [8] . To simplify the model for the proposed double-sided air-cored tubular generator (DSTG), the flux density in the DSTG can be assumed as the mathematical summation of two single-sided tubular machines, a tubular machine with external PMs shown in Fig. 1(b) and a tubular machine with internal PMs shown in Fig. 1(c) , while assuming that there is minimum and negligible magnetic saturation. In two single-sided machines, region I represents the air-gap/winding region and region II caters for the PM region. With the following assumptions considered: 1) the relative permeability of PMs μ r = 1; 2) the effects of eddy currents are neglected; and 3) the z-axis length of the PM array is infinite so that the end effect can be neglected, the vector magnetic potential in regions can be described as
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where
r is the remanence of the magnets, τ is the pole pitch, τ mr is the width of the radially magnetized PMs, and τ mz is the width of axially magnetized PMs.
For the model shown in Fig. 1 (c), the magnetization M i and the field vectors B i and H i satisfy
where M zi = −M ze and M ri = M re .
Combining (1) with conditions (2) and (3), the summarized flux density distribution components in region I can be derived as
where a 1n = a 1ne + a 1ni and b 1n = b 1ne + b 1ni . As shown in [7] , the parameters for flux density generated by the external PMs configuration are defined by a 1ne and b 1ne , which can be derived according to the conditions (2). The parameters for the internal PMs configuration are defined by a 1ni and b 1ni , which can be derived according to the conditions (3). I 0 (x, y) and K 0 (x, y) are modified Bessel functions of the first and second kinds of the zeroth order, respectively. I 1 (x, y) and K 1 (x, y) are modified Bessel functions of the first and second kinds of the first order, respectively.
B. Flux Density Distribution Due to Armature Current
The flux distribution in regions I and II due to the armature current is shown in Fig. 2(a) , where R middle = (R c1 + R c2 /2. In order to simplify the analysis, equivalent configurations such as those shown in Fig. 2(b) and (c) can be safely assumed. This is true, when considering the assumption that the field lines are always perpendicular to the centerline of the windings. For the configurations of Fig. 2(b) and (c), the current distribution of phase a can be expressed by (6) , while the conditions of field vectors B a and H a in regions I and II can be described by (7) and (8), respectively
where J an = (4 J 0 /τ m n ) sin(m n w c /2), z a is the z-axis position related to the phase a windings, w c is the z-axis height of the winding, and J 0 is the current density. For these conditions, for a single phase a, the flux density components B Ira and B Iza in region I can be expressed as in (9) and (10). The flux density components B IIra and B IIza in region II can be expressed as (11) and (12)
where a Ian ( ), b Ian ( ), a IIan ( ), b IIan ( ), F Aan ( ), and F Ban ( ) can be derived as shown in [8] .
C. Induced Voltage and Force Calculation
Two quality indicators for any generator are the induced voltages and the generated force. The resulting efficiency is dependent on these two aspects, while any harmonic components affect the power quality and dynamic stability of the system. Considering the influence of the armature field, the coil flux linkage in any one winding can be expressed as
where N 1 is the number of the turns of the windings, z i is the z-axis position of the winding's center height, B Ir is the PM's flux density, B IIrm is the flux density generated by the m-phase windings, and phase is the number of phases. Since the position of the armature field B IIrm is fixed relative to the windings and the windings are full pitch, the voltage across 
, p is the pole pairs, v is the linear velocity, m present the parameters of m-phase, and
.
where J is the current density, the Lorentz force generated in one winding is
Substituting (4), (5), (11), and (12) into (15), then the thrust force of one phase can be calculated as the following:
where i is the current. The total thrust force of a multi-phase generator can be derived by adding the forces generated by each phase windings.
D. Validation by FEM
In order to verify the analytical models presented above, an FE model of the single-phase DSTG with two pole pair armatures is built. The main dimensions of the generator are given in Table I . The model is used to simulate rated operation conditions, with 80°C in the windings/PMs regions and 25°C ambient temperature, derived by a lumped-parameter thermal network model [9] . The comparison between the results calculated by the FE method (FEM) and the analytical method is shown in Fig. 3 . Fig. 3 shows the radial component B r of the flux density distribution in the air gap at radius R = (R m2 + R c2 )/2. In the frontal two pole pairs, the flux density is the combination result of the PM armature fields. The results show that the analytical results are in very good agreement with the FE results except for the end parts. The difference between the two results comparison is approximately a 0.01 T discrepancy. The thrust force curves also prove the accuracy of the analytical results. The voltage difference between the FE results and the analytical method results is less than 2.7% and the thrust difference by only about 1%, which validates the analytical modeling of the DSTG.
III. OPTIMIZATION OF THE DSTG
In this section, the machine's sensitivity to its geometrical dimensions relative to voltage and efficiency is investigated. An optimized machine design is then proposed with the main objective being to reduce the voltage harmonics and improve the efficiency.
A. Influence of Dimensions on the Induced Voltage
The variations of the voltage with the machine dimensions are analyzed while assuming R 2 to be constant. The result proves that increasing the PMs thickness h pm (where h pm = R 2 − R m2 = R m1 − R 1 ) and the windings thickness h c (h c = R c2 − R c1 ) can enhance the amplitude of the voltage at the cost of reduced active material utilization. Unfortunately, harmonic contents are also increased.
The variations of the voltage and harmonic components relative to the machine geometry are analyzed. A voltage maximum value is obtained when τ mr /τ is 0.8, where τ mr is the width of the PM with radial magnetization. The optimal result in terms of harmonic presence is achieved when τ mr /τ is 0.5-0.6, as shown in Fig. 4 .
B. Influence of Dimensions on Efficiency
Based on the analytical results of the sensitivity of the efficiency of the DSTG to the machine dimensions, it can be found that the efficiency increases for increments of h m , but decreases when h c is increased. The optimal efficiency value is found to be when τ mr /τ is 0.8. Table II illustrates how the DSTG performance varies for the different machine dimensions considered in the above optimization exercise. It can be observed that for a constant copper loss, the best overall performance is achieved with τ mr /τ = 0.6. At this point, the efficiency is 2% higher than that of the DSTG with τ mr /τ = 0.5, while also achieving an improvement in the harmonic content of the phase voltage. However, if the harmonic content is not considered, then the maximum efficiency is achieved when τ mr /τ is set to 0.8.
C. Optimized Machine
IV. PROTOTYPE AND EXPERIMENTS
To validate the analytical models, a prototype of the DSTG is manufactured based on the parameters in Table III , for the maximum possible efficiency, i.e., when τ mr /τ = 0.8. In order to test the dynamic performance of the prototype, a linear motor is used to drive the DSTG's mover reciprocally. An S-type force sensor and an optical fiber-Bragg sensor system are used to detect the force and position signals. The prototype and the experimental rig are shown in Fig. 5 .
The same operating conditions for the above analysis are considered with the experimental setup. For a translational stroke of ±20 mm and with a 303 load resistance, the output voltage of the prototype is measured, and this is shown in Fig. 6 . The simulation results are in good agreement with the test results with some discrepancy, which is mainly due to measurement errors and any manufacturing factors. A difference in the results between the FE and the experimental tests of less than 2% has been achieved, which therefore validates the proposed analytical method and the worthiness of the proposed DSTG.
V. CONCLUSION In this paper, analytical models that consider the magnetic field distribution in a slot-less DSTG have been developed and validated with the FE and experimental results. Considering the voltage and thrust force equations, the relationships between the main machine dimensions and the machine performance were investigated. The optimal design for an improved machine performance is obtained based on this sensitivity analysis.
The results show that the increment in the thickness of PMs can improve the voltage and the efficiency of the DSTG, while increasing the thickness of the windings can also enhance the voltage but at the cost of degrading the overall efficiency of the DSTG.
The efficiency of the machine can achieve a maximum value when the width of the PMs with radial magnetization is about 80% of the pole span. Future work will include the development of advanced algorithms to further optimize the design.
